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ABSTRACT

A postflight FORTRAN program called “radar” reads and analyzes ground-based radar data. The output includes
position, velocity, and acceleration parameters. Airdata parameters are also provided if atmospheric characteristics
are input. This program can read data from any radar in three formats. Geocentric Cartesian position can also be
used as input, which may be from an inertial navigation or Global Positioning System. Options include spike
removal, data filtering, and atmospheric refraction corrections. Atmospheric refraction can be corrected using the
guick White Sands method or the gradient refraction method, which allows accurate analysis of very low elevation
angle and long-range data. Refraction properties are extrapolated from surface conditions, or a measured profile
may be input. Velocity is determined by differentiating position. Accelerations are determined by differentiating
velocity. This paper describes the algorithms used, gives the operational details, and discusses the limitations and
errors of the program. Appendixes A through E contain the derivations for these algorithms. These derivations
include an improvement in speed to the exact solution for geodetic altitude, an improved algorithm over earlier
versions for determining scale height, a truncation algorithm for speeding up the gradient refraction method, and a
refinement of the coefficients used in the White Sands method for Edwards AFB, California. Appendix G contains
the nomenclature.

INTRODUCTION

One way to determine the trgjectory of aflight vehicle is to analyze the ground-based, radar-tracking data. The
radar measures range to the vehicle, azimuth of the vehicle from true north, and elevation angle of the vehicle
above the local horizon. These measurements need to be filtered and corrected for atmospheric refraction. Then,
geometric principles can be applied to convert these data into such familiar forms as latitude, longitude, and
atitude. Next, derivatives can be taken to determine velocity and acceleration. These quantities are easily
calculated in real time at the radar site, and the results are sufficiently accurate for many applications. To achieve
these calculations in real time, however, certain assumptions are made regarding the structure of the atmosphere.
These assumptions may introduce errors in the refraction corrections. Often for the high accuracies required for
flight research, analyzing the atmospheric parameters after the flight and then using the results for refraction
corrections is necessary. The process of analyzing the atmosphere can be quite involved? and will not be available
in real time in the foreseeable future. Using atmospheric data gathered and analyzed before radar-tracking time
suffers from temporal variations of the atmosphere.l An added benefit of analyzing the radar data after the flight
using an atmospheric analysis is that such airdata parameters as Mach number, true airspeed, and pressure atitude
may be accurately determined.

A postflight FORTRAN program called “radar” reads and analyzes ground-based radar data from any radar site.
This program provides Earth relative position, velocity, and acceleration parameters. Airdata parameters are also
provided if atmospheric characteristics are input. This program reads data from thg NASA Dryden Flight Research
Center (NASA Dryden), Edwards, California, Flight Data Access System (FDAYS) ; the encoded 9-track radar tape
from the Army-Navy/Fixed Position System (AN/FPS-16) radars at Edwards AFB, California; or binary range,
azimuth, and elevation angle data from any other radar. Cartesian position with respect to the center of the Earth
can also be used as input. This position may be from an inertial navigation system or the Globa Positioning
System (GPS). Output from this program is in NASA Dryden compressed format.2 As an option, the output can
aso be written in binary format. Program options include spike removal, data filtering, and atmospheric refraction
corrections. Atmospheric refraction can be corrected by using either the quick White Sands method3, which is
inaccurate at low elevation angles, or the accurate, but computationally slow, gradient refraction method.*

*Maine, Richard E., User’'s Manua for GetFdas, Version 0.72, Apr. 30, 1993, NASA Dryden working paper.



Refraction properties are either extrapolated from surface conditions or determined from a user-supplied table of
refraction as a function of atitude. The program models the Earth as an €llipsoid. Velocity is determined by
differentiating position, and accelerations are determined by differentiating vel ocity.

This paper describes the algorithms, operational details, limitations, and errors for version 6.2 of “radar.”
Although earlier versions have existed for decades, this paper is the first time the program has been documented.
Appendixes A through E contain the derivations for these algorithms. These derivatives include an improvement in
speed to the exact solution for geometric ellipsoid altitude, an improved algorithm over earlier versions for
determining scale height, a truncation algorithm for speeding up the gradient refraction method, and a refinement
of coefficients used in the White Sands method for Edwards AFB, California. Appendixes A through E are
universally applicable. Appendix F is specific to the program used at NASA Dryden. The nomenclature is givenin
appendix G.

METHOD DESCRIPTIONS

The methods for analyzing radar data are discussed next. These methods include geodetics, refraction
corrections, spike removal and filtering, velocity and acceleration determination, and Earth relative and airdata
parameters.

Geodetics

The basic information provided by a ground-based radar is time-referenced range, azimuth, and elevation angle
to the vehicle. After various corrections are applied to these three quantities, the position of the vehicle with respect
to the radar site can be calculated. Location of the radar site with respect to the center of the Earth can also be
calculated. Adding these two vector positions yields the position of the vehicle with respect to the center of the
Earth. The eguations used to determine position are derived in appendix A.

The Earth ismodeled as an ellipse of revolution, otherwise known as an ellipsoid. Table 1 lists the semimajor and
semiminor axes of this ellipse, a and b, in several systems. The World Geodetic Survey (WGS) 84 is used by most
radar systemsin the United States and isincluded in this table. Determining the altitude and latitude of the vehicle
about an ellipsoid requires somewhat complex calculations, and these calculations are shown in appendix B. An
improvement to the exact solution for determining altitude, which results in reduced computations, is also
presented.

Note that the algorithms in appendix B are used to calculate ellipsoid atitude which is different from geoid
atitude. Geoid altitude is the altitude above mean sealevel (m.s.l.). Because of mass irregularities of the Earth, the
geoid isa highly irregular surface. For the continental United States, the geoid separation (ellipsoid altitude minus
geoid altitude) is a negative number and is approximately —100 ft for radar 34 at Edwards AFB, California, using
the WGS 84 system. Because most users desire geoid altitude, the ellipsoid altitude is biased by the radar site geoid
separation to give geoid altitude. Another bias to altitude can be input to approximate the geoid separation change
for flights great distances from the radar site. This method works well when the vehicle travels over an area where

Table 1. Ellipsoid Earth models.

Model Semimajor axis a, ft Semiminor axis b, ft al(a—b)

WGS 84 20925604.47 20855444.88 298.25722043
WGS 72 20925639.76 20855480.71 298.26002261
“radar”, version 4.0 20925832.00 20854892.00 294.97930764




geoid separation is relatively constant but is less effective for trgectories over long distances. A future
improvement to this program would be an analytical calculation or database lookup of geoid separation as a
function of latitude and longitude to adjust ellipsoid altitude to altitude above mean sealevel.

Refraction Corrections

A radar unit measures the time a pulse of electromagnetic energy takes to travel from the radar antenna to the
vehicle and return to its originating location. The initial assumption is that the pulse travels at the speed of light in
avacuum, so the range to the vehicle is easily calculated. The angle at which the antennais pointed above the local
horizontal is the measured elevation angle. The speed of light through the atmosphere is not the same as it is
through avacuum because it is affected by pressure, temperature, and humidity. Because these three quantities vary
with altitude, the speed of light varies with altitude. The variation of the speed of light with altitude also causes the
beam of light to bend. For example, consider two parallel beams of light in the atmosphere that are nearly
horizontal with the Earth and at slightly different altitudes. The speed of light through the atmosphere is ¢,/ 1,
where C, isthe speed of light in avacuum, and n isthe index of refraction. Because N generally decreases with
altitude, and C, is a constant, the upper beam travels slightly farther than the lower beam in the same amount of
time. In this manner, the wave front has bent downward. This bending effect occurs for each incremental segment
of the radar beam.

Figure 1 shows the effect of a nonhomogeneous atmosphere on a radar beam. The radar beam follows a curved
path, and most of the curvature occurs near the ground. The true straight line range to the vehicle is less than the
measured range along the curved radar beam path. In addition, the true elevation angle is less than the measured
elevation angle. This effect of atmospheric refraction is the greatest source of error and aso the most difficult to
correct.

To correct for refraction, the properties of the atmosphere as a function of altitude must be determined. An easy
method is to measure the properties at the radar site and then to extrapolate values at increased altitudes. Because
of the extrapolation, this method is the least accurate. A more nearly accurate method is to measure the properties
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Figure 1. Effect of a nonhomogeneous atmosphere on a radar beam.



using a single weather balloon. The most nearly accurate method is to use all available weather data after the flight
to generate a model of the atmosphere for the time of flight of the vehicle.! This method takes considerable effort.
The first two methods may be used in real time, but the third method must be used after the flight. When the highest
degree of accuracy is desired, the third method is used.

Figure 2 shows a postflight-analyzed refractivity profile along with a profile extrapolated from surface
conditions. The differences between the two models are significant for all but the shortest radar ranges.

This computer program provides two methods of correcting for atmospheric refraction errors. The first is called
the gradient refraction method,* which analyzes the radar beam one short segment at a time to determine the
incremental bending between segments. This method is the most nearly accurate. On the other hand, because many
small segments are analyzed at each time point, the method is computationally slow. The second method is called
the White Sands method because it was devel oped at White Sands Missile Range, New Mexico.3 This method uses
an empirical fit to exact refraction corrections, such as gradient refraction results, at a given radar site. As aresullt,
the coefficients used are geographically specific. The White Sands method is a function of radar site atmospheric
parameters, so the structure of the atmosphere above the radar site is assumed. This assumption contributes the
greatest error to the method. As an advantage, this method is computationally fast.

Appendix C contains the derivations for index of refraction, gradient refraction, and White Sands methods and
three improvements to the algorithms used in previous versions of “radar”. The first improvement deals with the
algorithm for computing scale height. In turn, scale height is used to extrapolate index of refraction above the radar
site. The algorithm used in years past induces as much as a 10-percent error in the atmospheric refraction
corrections.> Appendix C also contains an aternate method that is substantially more nearly accurate.®

The second improvement is a new truncation algorithm for the gradient refraction method. This algorithm
substantially reduces computation time required yet retains the accuracy of the method. Figure 3 shows examples
of the percentage savings realized by this truncation algorithm as a function of elevation angle for two ranges.

The third improvement deals with the White Sands method for Edwards AFB, California. The empirical
constants used in years past for the White Sands method at NASA Dryden were inaccurate. New constants have
been derived and are presented in appendix C. Figure 4 shows the error in vehicle position caused by elevation
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Figure 2. Refractivity profiles from postflight-analyzed balloon data and extrapolated surface conditions,
Vandenberg AFB, California, April 5, 1990.
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Figure 4. White Sands method errors in position as a result of an elevation correction error, where zgeiod
= 2662.6 ft, rp, = 600,000 ft, Ng = 338, and |5 = 500 ft. Here, the gradient refraction method is used as a truth
model.

correction error as a function of measured elevation angle. Here, the gradient refraction method was used as the
truth model. Most flight test work with radar data at NASA Dryden has been conducted at elevation angles above
10°. Refraction errors from using the White Sands method increase rapidly below this angle. Above 10°, using the
new constants reduces the error in vehicle position by one-half as compared to using the old constants.



Spike Removal and Filtering

Spike removal and filtering of the raw range, azimuth, and elevation angle data are important options of this
program. The spike removal routine detects spikes as large jumpsin the derivative of the data and removes them by
using a hold-last-rate scheme to estimate the true value of the data. The user selects if spike removal is to be
performed and sets the criterion for spike detection.

Filtering of the raw datais performed with a discretized infinite impulse response (1I1R) filterS, which is a second-
order, low-pass filter. The user selects the damping ratio and cutoff frequency of the filter. Appendix D provides a
detailed description of the spike removal and filtering routines.

Velocity and Acceleration Deter mination

Once the position of the vehicle has been determined through geodetics, its velocity and acceleration can be
calculated by taking derivatives. Such calculations are done by concatenating an open-loop zero with the IR filter.
The generation of noise associated with the taking of derivatives is suppressed by simultaneous |ow-pass filtering
and differentiating. The user selects the cutoff frequencies for the velocity and acceleration filters. In addition, the
user selects whether acceleration of gravity is subtracted from the vehicle acceleration. Acceleration of gravity is
subtracted when radar acceleration is to be compared to acceleration from onboard accelerometers. Appendix D
also givesthe details of the velocity and accel eration cal culations. When the cutoff frequency is selected to be zero,
asecond-order accurate, backwards difference differentiator is used instead of the IIR filter differentiator.’

Earth Relative and Airdata Parameters

The Earth relative parameters of total velocity, V, flightpath heading, W, and flightpath angle, Y, are derived in
appendix E. If atmospheric data as afunction of altitude are input, then airdata parameters can be calculated. These
ardata parameters consist of true airspeed, V,, true Mach number, M, pressure altitude, Hp, ambient pressure,
Ps,,, and dynamic pressure, @, and are aso derived in appendix E. The atmospheric data needed are pressure
altitude, ambient temperature, windspeed, wind direction, and lateral pressure gradient magnitude and direction.
Appendix F gives the form of the atmospheric data.

PROGRAM USE

Appendix F contains specific instructions for running the program on the SUN 600 computer (Sun
Microsystems, Incorporated, Mountainview, California), including all input and output files and parameters.

METHOD LIMITATIONS

This section describes the limitations and expected errors of the “radar” program. The primary limitation
involves memory. Errors of note include refraction correction, spike removal, filtering, and differentiation.

Memory
The refraction and atmospheric tables can each accommodate a maximum of 100 atitude breakpoints. The size
of arraysfor filtering and differentiation is 75,000, allowing at least 60 min of 20-sample/sec datato be analyzed in

one run of the “radar” program. These array sizes can only be changed in the source code.
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Refraction Correction Errors

Because the true position of the vehicle is unknown, determining the errors due to refraction corrections is
difficult. Several potential sources of errors in computing the refraction corrections exist. First, the value for
refractivity at the radar site may have errors because of temperature and pressure measurement errors. Above the
radar site, the relationship of refractivity with altitude may be assumed to be decaying exponentially. The result of
such an assumption can be quite different from the true profile as shown by figure 2. If a profile of refractivity with
atitude is determined by aweather balloon, balloon measurement errors will add to the refraction correction errors.
Both of these profiles are assumed to be constant horizontally and in time. Again, such an assumption can be
€rroneous.

The gradient refraction method is regarded as the most accurate method for calculating refraction corrections.
Accuracy of this method depends on the length of the segment, and its optimum val ue depends on the roundoff and
truncation errors of the computer. The accuracy of the refraction profile of the atmosphere also affects the accuracy
of the gradient refraction method. Generally, one or two least significant bits (LSB) of angle error may remain after
gradient refraction corrections are applied. The magnitude of the error depends on the quality of the refractivity
profile. For the AN/FPS-16 radars at Edwards AFB, California, one LSB is approximately 0.0027°. There are
17 bits in a 360° circle. The White Sands method is an approximation to the gradient refraction method. Figure 4
shows typical differences between the two methods.

Spike Removal, Filters, and Differentiation

The spike removal routine needs to have spike-free data for the first few data points. In addition, depending on
the value of a user-defined regjection criterion, some spikes may remain in the data, or some good data which are
somewhat erratic may have been removed. The user should aways run the program with the spike remover option
turned off and compare those results to the results of running the program with the spike remover turned on. The
low-pass IR filter tends to smooth out jumps in the data that may be real, such as an acceleration jump of an air-
launched vehicle. Even though the time lag induced by the filtering is removed by time shifting the filtered
parameters, some phase shifting of these data remains at the higher frequencies. These filters have start-up
transients, especially when taking derivatives, and this fact should be considered when choosing data start times.

Other Expected Errors

The variability of the geoid separation with geography induces errors in the atitude above mean sealevel. A bias
may be applied to take into account the difference in geoid separation from the radar site to another location, but
this approach does not totally address the problem.

Table 2 lists typica errors in data from the NASA Dryden AN/FPS-16 radars.8 Note that these estimates
represent the errors that would be present if no corrections were made, except for the best possible manual
alignments. Some of these errors are considerably less than those given for other installations because rigorous
calibrations and maintenance are performed routinely at this installation. From this table and the discussion in the
Refraction Correction Errors subsection, mislevel, solar heating, and refraction correction errors are the largest
errorsin the radar data. Midlevel readings are taken periodically and are kept within specifications, currently 10 arc
sec. This program allows for finer correction to mislevel as well as makes refraction corrections, but other sources
of errors are currently neglected.



Table 2. Typical estimated errorsin the NASA Dryden AN/FPS-16 radar.8

Source Type Typical, mrad Typical, ft LSB values
Thermal, range Noise — 2.6 0.41
Thermal, angle Noise 0.02 — 0.40
R-f axis shift Bias — ~0 —
Droop, € Bias 0.03 — 0.61
Orthogonality Bias 0.02 — 041
Mislevel Bias 0.05 — 1.00
L SB precision Noise 0.03 3.2 0.50
Solar heating Bias 0.05 — 1.00
Wind force Bias 0.01 — 0.20
Antenna unbalance Bias — ~0 —
Servo unbalance Bias 0.01 — 0.20
Dynamic lag* Bias 0.01 — 0.20
Glint* Noise 0.00 — 0.00
Vertica deflection Bias 0.02 — 0.40
Earth model Bias 0.01 — 0.20

*Target at 150n. mi.

CONCLUDING REMARKS

A postflight FORTRAN program called “radar” that reads and analyzes ground-based radar data from any radar
site has been presented. This program provides Earth relative position, velocity, and acceleration as well as airdata
parameters if atmospheric characteristics are input. A general description of methods used, program use, input,
output, and method limitations has been given. Detailed derivations of algorithms are given in the appendixes.

In addition to documenting algorithms that have been used in earlier versions of this program, this report presents
several new techniques and refinements. These techniques and refinements include an improvement in speed to the
exact solution for geodetic altitude, an improved algorithm for determining scale height, a truncation algorithm for
speeding up the gradient refraction method, and a refinement of coefficients used in the White Sands method for
Edwards AFB, California

Dryden Flight Research Center

National Aeronautics and Space Administration

Edwards, California, May 28, 1993



APPENDIX A

GEODETICSDERIVATION

The Earth can be described as an ellipse of revolution with semimajor axis, a, semiminor axis, b, and axis of
revolution through the North and South Poles (fig. A-1). Considering a dlice of the Earth that contains the axis of
revolution (fig. A-2), acircle of radius a can be constructed.

A Vehicle (xc, yc, z¢)
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Figure A-1. Ellipsoid geometry.
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Figure A-2. Geodetic geometry for a point on the ellipsoid.



Three angles are associated with any given point on the surface of the Earth: A, A, and 3. The geocentric
latitude, A, isthe angle between (u, V), the center of the Earth, and the equitorial plane. The geodetic latitude, A,
is the latitude shown on maps and is the angle that the local vertical line through (u, V) makes with the equatorial

plane. Figure A-2 shows the reduced latitude, [3.° From this figure,

u = acos(B) and v = bsin(B)

To find the relationship between these three angles, the following equation of an ellipseis used:

N

o <
(LI N)
U|<
N
I
|_\

Differentiating implicitly and rearranging for the slope of the ellipse gives

dv _ b’
du a2y
Thelocal vertical to the ellipse has a dlope of
2
du _ a'v
— = — = tan(A
dv b2U ( )
In addition from figure A-2,
\Y;
tan(A.) = -
(o) =2
Asaresult,
2

tan(\) = E—Ztan(}\c)

Differentiating equation (A-1) gives

du _ —a
av B @n(P)
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Thus,

tan(A) = gtan(s) = %Eztan()\c) (A-8)

Having expressions for the sine and cosine of reduced latitude in terms of geodetic latitude will be useful later in
thisdicussion. Using equation (A-8) and the definition of the tangent gives

29”()‘)

ten(B) = cos(A)

_ S
=C (A-9)

Solving for the sine and the cosine, while noting that the eccentricity, e, of the ellipse is by definition

e = 1-%%2 (A-10)
which gives
< gsin()\)
sn(p) = == =
s'+c %ﬂzsinz()\)+ cos’(A)
(A-11)
gsin()\) gsin()\)
J(1=€?) sn’(A) + cos’(\)  J1—€2sin’(\)
Similarly,
cos(B) = —=— = —C0S() (A-12)

JS+C* J1-€"sn’(M)

The position of aradar siteis generally given in terms of geodetic latitude, A, longitude, 8, and height above the
ellipsoid, h, where the s subscript denotes “of the radar site” From equation (A-1) and adding the increment for
height, the position of the radar siteintermsof uandvis

c
I

acos(By) + hscos(Ay) (A-13)

<
I

bsin(By) +h.sin(A) (A-14)
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Getting the position of the radar site in terms of Cartesian geocentric coordinates, xc, yc, and zc is desired. The x
axisliesin the equatorial plane and points towards the prime meridian (0° longitude), the z axis points towards the
North Pole, and the y axis completes the right-handed system as shown in figure A-1. Because

XC = ucos(0) and yc = usin(0) (A-15)
using equations (A-11) and (A-12), the Cartesian geocentric coordinates for the radar site are shown to be

O
XC. = [4 a

S
U/1-¢”sin’(Ay)

+ h%cos()\s) cos(6,) (A-16)

O
ycs = [3 2

U/1-¢”sn’(Ay)

+ h%cos()\s) sin(6,) (A-17)

2, = O a(1-¢) +h%sin()\s) (A-18)
H/1-e®sin’(A

Now that the location of the radar site is known, the position of the vehicle with respect to the radar site can be
added to thislocation to obtain the total vehicle position vector.

Consider aright-handed coordinate system centered at the radar antennathat points locally north, east, and down,
X;, Y;, and z, . Assuming that the range, azimuth, and elevation have been corrected for various errors, the position
of thevehicleis

X, = r cos(az)cos(el,)
y, = r,sin(az)cos(el,) (A-19)
z, = —r.sin(el,)

12



These components are transformed into the geocentric coordinates by rotating them through latitude and
longitude and adding the radar site position to get

cos(6;) —sin(6;) 0| | cos(—180°—Ay) 0 sin(—180°—A )| |X XCg

sin(6,) cos(6y) O 0 1 0 yi| *|YCs

0 0 1| |—sin(—=180° —Ag) O cos(—180°—A,)| |z, zcq
(A-20)

—sin(Ag)cos(6;) —sin(B,) —cos(A) cos(B,)| | X, XCq XC

= |=sin(Ag)sin(By) cos(B;) —cos(A)sin(By)| |yl T |ycs = |yc

cos(A,) 0 —sin(Ay) Z zc, zC

Now that the geocentric coordinates of the vehicle are known, the altitude of the vehicle above the ellipsoid can
be determined (appendix B). Part of this process involves finding the point on the Earth directly below the vehicle,
known as the piercing point, X5, Y5, Zg, (fig. A-1). Because equations (A-1) through (A-12) are only valid for a
point on the surface of the ellipse, the piercing point must be used to determine vehicle latitude. Using equation
(A-5), the geocentric latitude is

Z

A, = tan " 0 (A-21)

¢ 2 +y, 2
O O

Geocentric latitude can be converted to geodetic latitude using equation (A-8)

A= tan_l{%gtan()\c)} (a-22)
The longitude of the vehicle is determined by
8= tan_l[y—c} (A-23)
XC

Knowing the position of the piercing point relative to the radar site is often useful, such as when the ground track of
the vehicleisdesired. A difficulty arises on a nonflat Earth because traveling a certain distance north and then east
will result in a different point than traveling first east than north, especially near the poles. For this reason, the
distance from the radar site north to the latitude of the piercing point, xr, and the distance east from the radar siteto
the longitude of the piercing point, yr, is computed.

The distance xr can be determined by taking the arc length along the ellipse of the Earth, that is, along the radar
site longitude, from the radar siteto the piercing point latitude and substituting equations (A-1) and (A-10) to get

13



O dDZ dDZ O
Xr = I«/Edgﬂ Edgm dp = IJazsjnz(B)mzcosz(B)dB

(A-24)

O
=a | J1-® cos*(B) d

whichisan eliptical integral and must be calculated numerically. The “radar” program completes such calculations
using Simpson's Rule. A linear interpolation is used to select the values for a given 3, and the difference in values
from the radar site and piercing point is xr.

The distance yr isthe length of acircular arc from the vehicle longitude to the radar site longitude along the radar
site latitude. From equations (A-1) and (A-12),

acos(A,)

5 = (8-89) 7555
10 L& sn’0n) %0

yr = ug(6-6y)

= acos(P;)(6-6,)

180° (A-25)

Another geodetic quantity required for appendix C is the local radius of curvature of the Earth at the radar site,
Re. From the definition of radius of curvature,

du

[1 + deﬂ}
Re = (A-26)
du

dv2

Taking the derivative of equation (A-7) gives

= == (A-27)

dv? dB dV b cos’(B)

Substituting equations (A-7) and (A-27) into equation (A-26) gives
5 D1.5
(1+[2en(®)]
N Eh sin ([3)+b Ccos (B)D °b? cos 3(B)

bz;as(s) D b® cos’(B) D a
COSs

Re =

(A-28)

_ {a%sn’(B) + b2 cos’(B)}
- ab
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From the definition of sin() and cos() in equations (A-11) and (A-12), and noting that the radius of curvature at
theradar siteisrequired. That is,

oh” sin“(Ay) + b” cos’(A g™
B

]
2 . 2
0 1—e"sin“(A 0 20 [F15
Re = (A = LA sn’( )0 (A-29)
ab aD N
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APPENDIX B

ALTITUDE DERIVATION

An exact method for determining altitude above an ellipsoid is presented by Hedgleyl©, and is outlined here with
an improvement. In the original method, afourth-order polynomial is solved. Each of the four roots must be used to
determine four altitudes, and the lowest altitude is the correct answer. It is proven below that the minimum root is
always the correct root. Because radar data are typically measured at 20 samples/sec and altitude is computed at
every time point, this approach provides a substantial savings of computation time.

The distance from the vehicle to a point on the ellipsoid is given by

d = J(x—xc)% + (y-yo)? + (z—20) (B-1)

where (X, v, 2) isapoint on the ellipsoid, and (xc, yc, zc) is the vehicle point. Figure A-1 shows this geometry. The
minimum distance is the altitude and is determined using the Lagrange multiplier method!! where

2 2 2
0
J(X,y,2) = (x—xc)2+(y—yc)2+(z—zc)2—a§<—+y—+z——1D (B-2)
&° a® p° O
Taking partial derivatives and equating them to zero gives
2
0J _ a2x _ _ Xc a
& = 2(X—XC)—? =0 or X = az_a (B'3)
2
0J _ a2y _ _ Yca -
dy - 2(y—yc)—? =0 or y = 2 (B-4)
2
g_‘] = 2(Z—ZC)—G—222 =0 or Z= 220b (B-5)
z b b —a
2 2 2
a_Jz_X_Z_y_2_2_2+1=o (B-6)
o a a b

2 2 2 2
[iz}a‘l_z[i + i}0(3+ {4+ a_2+ b__&_E_ZLTO(Z
(87

+ 2[xc2 + yc2 rzc’—a®- b2]a + [a2b2 —xc’b? —yc2b2 - zczaz] =0
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A typographical error existsin the coefficient for 0(2 in Hedgley's paper.10 Parameters a, b, xc, yc, and zc are all
scaled to a to avoid using large numbers, then rescaled back once the altitude and piercing point have been
determined. The original method uses each of the four possible real roots in turn to calculate atitude, and the four
altitudes are compared to find the lowest altitude, which is the correct answer.

The improvement reported here shows that the minimum real root gives the correct atitude. Taking equa
tion (B-3), noting that the point on the ellipse is the piercing point, and rearranging for a gives

~ a2( X —XC)
o = (B-8)
X

The vehicle and the point below it must be in the same hemisphere, so xc and x7 have the same sign. For positive
atitude, the magnitude of xc is greater than the magnitude of x7. As a result, a must be negative for positive
atitude. For negative altitude, the magnitude of X is greater than the magnitude of xc, so a must be positive. For
zero atitude, a must be zero. Similar arguments hold using equations (B-4) and (B-5).

Determining if any negative roots of equation (B-7), exist will be helpful. By Descartes' rule of signs'?, the
number of negativerootsof f(a) = 0 isequal to the number of positiverootsof f(—a) = 0 , whichisequa
to the number of sign changes of the coefficients of f(—a) or that number reduced by a positive even number. In
eguation (B-7), normalize all variablesby a, so a' equalsone, b’ is dightly less than one, and the sum of the squares
of position components are nearly equal to the square of the distance from the center of the Earth, Ro'z. With these
assumptions, using —a in place of o to look at the signs of the coefficients gives

[+]a*+[+]a®+[ 06— OR/2]a®+2[ 02-R/3a+[01- OR.2] = 0 (B-9)

For the case of ~1 > ~Ry'2 (which is negative altitude), the signs of equation (B-9) are all positive, so no sign
changes. For this reason, no negative roots exist for negative altitude. In all other cases, only one sign will change,
so only one negative root exists for positive altitude.

Because xc and x7 have the same sign, a must be less than a® from equation (B-3). From equation (B-5), a must
be less than b2. Because for Earth, b is less than a, a must be less than b™. Now, substituting equations (B-3),
(B-4), and (B-5) into equation (B-1) gives

d® = (xc+yc)2{ >

a —a

T+ ZCZ[ o T (B-10)
b™—a

Figure B-1 shows a graph of d2 as a function of a. Note that this figure shows one negative root for positive
atitude and no negative roots for negative atitude. To prove that the shape of these curvesis correct, the derivative
with respect to a istaken. That is,

a 2 0
dgd ) - 2(xc+yC)ZD 2 Zg za }+22C2m b’ } (B-11)
o o~ a) b —a)ﬂb —a
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930666

Figure B-1. Equation (B-10) roots as afunction of Lagrange multiplier.

Only the terms in sgquare brackets affect the sign of the derivative. For a positive, and noting that o is less than
b2, the derivative is positive. The larger a is, the bigger d2 becomes. For a negative, the derivative is negative.
Again, the larger the magnitude of a is, the bigger d™ becomes. Thisfact isvisualized by the concave upward shape
of figure B-1. Because the root that gives the smallest value of d2 is desired, the minimum positive real root or the
maximum negative real root yields the true atitude.

For negative altitude, all the roots are positive. If the roots are al positive, then the minimum root yields the true
atitude. For positive altitude, only one negative root exists, and the correct root must be negative. As a result, the
minimum real root yields the true altitude; therefore in all cases, the minimum real root of equation (B-7) gives the
correct value for altitude.

Now, determining the roots of a fourth-order polynomial is required. The solution to a quartic is given by
Dickson!? and is based on the work of Ferrari (1522-1565). Given quartic

4 3 2 _ -
Xq T bgXq tCXq tdgXqte, =0 (B-12)

rearrange to get

Xq +bgX = _cx?—dx —e (B-13)
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Compl ete the square on the left-hand side

2
%‘q tS5XO T Eﬁ—_cc%b(q ~dgXq—&q

Adding

to both sides gives

and rearranging to get the resolvent cubic equation
3
- .3 2
- yc + bcyc + Ccyc + dc

Now find any real root y, of the resolvent cubic equation by setting

giving
zC3 +pz.+q = 0
which is the reduced cubic equation with

p=cCc.——= and q=dC—T+

2 2 2y _
Yo —Cq¥e +(qu0|—4eq)yc—(boI eq+4cqeq—dq ) =0

2 3
b b.C. 2b,

(B-14)

(B-15)

(B-16)

(B-17)

(B-18)

(B-19)

(B-20)
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The discriminant of the reduced cubic and of the resolvent cubicis

A= —4p°—27¢° (B-21)

If A<O, thenoneroot isrea and two are complex. If A = 0, then all the roots are real, and two or more are

repeated. The real solution for A< 0 isgiven by

-4
Z, =

1
AP,00q_[A(F ]
+ o] +D_2 (B-22)

NIO

If A>0, thenthreedistinct real roots exist, and the following trigonometric solution is used:

cos(30) = 4 cos3(D ) —3cos(0) (B-23)
Replacing [0 by [0 +120° and O + 240° , inturn, gives
cos(300 +360°) = cos(30) = 4 cos3(D + 120°) —3cos(d+ 120°)
(B-24)
cos(30+ 720°) = cos(30) = 4 cos3(D + 240°) — 3cos( + 240°)
Thus, cos(O), cos(O+120°) ,and cos(O +240°) arethe threeroots of the equation
4t 2 -3t, = cos(30) (B-25)
Hence,
3 3, cos(30) _
te _ZtC_T =0 (B-26)
To solve the reduced cubic equation, take z, = st . Theresultis
(B-27)

t

3. P q _
C+—2tc+_é_0
S S
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with

S = ? (B'28)
-03° i
cos(30) = 2 Opl (B-29)
Asaresult,
. [ (260 B
I ad ) P ;
2= |3 cosE 3 % (B-30)
0 0
Now that z. isknown, aroot of the resolvent cubic equation can be found. That is,
bC
yC = ZC_§ (B'31)

Returning to the quartic equation, the right-hand side of equation (B-16) is the square of a linear function. For

example, mXg +n . Thus,
é‘;iz Cy y%b(q d)qyc dq%l><q+y7"2—eq = a2xq2+b2xq+c2 = (qu+n)2 (B-32)
In addition,
xqz+b—2qxq+y3C = mxy+n
or
xq2 + %‘xq+% = —mxq+n (B-33)
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If a2 = 0, then the polynomial is a perfect square. The four roots to the quartic are the four roots of the following
quadratics:

b Y,
2. 7q c_ -
xq +——2xq+——2 Je2 =0
(B-34)
b Y,
2,19 i o2 =
xq+2xq+2+ c2=0

If a2# 0, then the polynomial is not a perfect square. The four roots to the quartic are the four roots of the
following quadratics:

d) (B-35)
2 c _
X+ Mgt 5 *n =0
where
m = /a2
B-36
n = b2 (839
2./a2

When solving the two quadratic equations, the positive of the radical may be neglected because only the minimum
roots are of interest. As aresult, there will be one or two real roots from which to choose the minimum root.

Once the correct a is determined (the minimum a), the piercing point can be found by using equations (B-3),
(B-4), and (B-5). The geocentric latitude, geodetic latitude, and longitude of the vehicle can be determined from
equations (A-21), (A-22), and (A-23). Rearranging equations of the form of equations (A-16), (A-17), and (A-18)
allows solving for the atitude of the vehicle by using one of the following three equations:

h' = (B-37)

xc' a
cos(A)cos(8) m
= yC’ - i

cos(A)sin(6) m

I I 2
b 2 a(l-e) (B-39)

T ek

(B-38)

22



where

h=ha (B-40)
The proper equation is chosen to avoid division by values close to zero in the first term. These equations determine

atitude with a higher computational accuracy than can be obtained by using equation (B-1). Lastly, because all
parameters were scaled to a to avoid using large numbers, the altitude is scaled back by the value a.
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APPENDIX C

REFRACTION CORRECTION DERIVATION

To calculate the amount of bending in the radar beam, the index of refraction of the atmosphere must be
determined. Theindex of refractionisn = 1.0 inavacuum, and n > 1.0 in the atmosphere. Thisindex decreases

with altitude in most cases. When dealing with air, it is useful to deal with refractivity, N, where

N = (n-1)10°

(C-1)

The refractivity ranges from 0 in space to the order of 300 at the ground; therefore, n ranges from 1.000000 to

~1.000300. The index of refraction at the radar site can be determined from site pressure and temperature

measurements. Above this site, the index of refraction can be extrapolated or measured using weather balloons.
Refractivity at the radar site, N, is determined using the dry and wet bulb temperatures (°R), T¢ and Twet,,

and the ambient pressure (in. Hg.), P, at the site by13

_ 4730.3p;  341.36ev , 4.1146 x 10"ev

s T, T, T2

wherel4

b
[c " Twet J

T —[f + g(Twet,—d)] p(Ts— Twety)

-3

ev = Twet 10

es = T,S10
Table C-1 gives constants a through g. The relative humidity given by

rh = &% 100
es

Table C-1. Constants for equations (C- 3) and (C-4).14

Constant Twetg above freezing Twetg below freezing
a —4.9283 —0.32286
b —5287.32 —4869.38
c 23.2801 10.0343
d 459.4 459.4
f 3.595x 104 3.595x 104
g 2.336 x 107 2.336 x 107
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is checked to ensure that these pressures and temperatures do not yield values above 100 percent. Equation (C-2) is
valid to within 0.5 percent for temperatures from —58 to 104 °F, pressures from 5.91 to 32.48 in. Hg., evfrom O to
0.88in. Hg., and radar frequencies up to 30,000 MHz.13

One way of determining refractivity at higher altitudes is to assume that it decays exponentially with geoid
altitude. That is,

hs—gs,—ze
3937 ft

N =Ne 2" (C-6)

where hg is the ellipsoid dtitude of the radar site, gs, is the geoid separation at the radar site, ze is the ellipsoid
altitude of interest, and H is the scale height.

Scale height can be assumed by iterating a function of Ng, using hg to determine function coefficients.
The coefficients of this function were determined from a least squares fit of refraction correction data from nine
tracking sites located throughout the world. The scheme uses an initial estimate of H = 7000m and then iterates
the equation

1200m_
30371t
H

{(hs— )
H = A-BNe (C-7)

until H converges where the coefficients A, B, and C are given in table C-2.5 The program defines convergence as
within 1 ft. This method is superior to the one previously used at NASA Dryden.# 15 The former method can cause
errorsin excess of 10 percent in radar refraction corrections for such semiarid areas as Edwards AFB, California.®

Another approach to determining refractivity at higher altitudesisto take a profile of refractivity as afunction of
atitude as measured by weather balloons. This approach is especially appropriate when the atmosphere has a high
degree of nonexponentiality, such as when an inversion layer is present near the surface where most of the radar
beam bending takes place. When interpolating between data points, altitude is interpolated linearly, and N is
interpolated exponentially. The “radar” program extrapolates using the nearest two points for altitudes above and
below the profile, so the end points should exhibit the same trend as the rest of the data.

This model of atmosphere refractivity is static, but the “radar” program could be modified to accept a time
history of refractivity to do dynamic atmaospheric refraction corrections. To date, no attempt has been made to take
into account horizontal gradients of refractivity of the atmosphere. This effect may become significant during
atmospherically active days, but those days would hopefully see little flight activity. With these caveats, refractivity
can be determined for any altitude; now, a determination of how it affects the radar beam can be made.

Table C-2. Constants for equation (C-7).
Constant hs <1000 m 1000 m £ hg< 2500 m hs= 2500 m

Am 17590.00 18588.000 21273.000
B,m 30.55 40.814 60.227
C,m 0.00 1500.000 3000.000
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GRADIENT REFRACTION METHOD

For the gradient refraction correction, the time the radar beam takes to travel from the radar to the target is
divided into a number of equal parts, delt being the time interval, and ns being the number of segments. It is
assumed that the radar beam travels in a straight line during each time interval and has a discrete angular change
between adjoining segments. The first segment leaves the radar at the measured elevation angle (fig. 1). Now
assume that each segment consists of three beams (fig. C-1). Thetimeinterval in which the three beamstravel isthe
same. Because the index of refraction, and thereby the speed of light, changes with atitude, the top beam travels
the farthest, and the lower beam travelsthe least distance. As aresult, the wave front becomes increasingly vertical,
and the width of the beam increases.

Now, consider two adjoining segment triplets to see how the turning is calculated. The nth triplet is some distance
from the radar site, and the local vertical thereistilted by theinternal Earth angle, ian, from the radar site vertical.
The beams Us,, Ms,, and Ls, are at an elevation el +ia, to the local horizontal. Beam Ms, starts at an
dtitude of h,,. Next estimate the ellipsoid altitude of the midpoint of beam Ms, as

C sin(el . +ia
Zen = hn+rl 2 delt ( ; n)
n-1

(C-8)

where C,, isthe speed of light in avacuum, and n,,_, istheindex of refraction from the previous segment. Now,
the refractivity at altitude ze,,, N,,, can be determined either through table lookup of balloon data or through equa-
tion (C-6). aN

The derivative of refractivity with respect to altitude, ——, can be determined by differentiating Equation (C-6).

That is, oh
oNg _ N ]
Tonc, ~ 30371 (C-9)
1200m

el, -0, +ia, ;1

Radar site
vertical

=el
Local n+1

vertical

Local )

vertical ia, 4+ 1 =angle between
local and radar
site verticals

930667

\

Figure C-1. Gradient refraction segment geometry.
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where H is determined by equation (C-7) or by adjacent points in the balloon data. In the case of balloon data, H
may differ for each segment. The index of refraction for the upper and lower beamsis now

Np, = N +gﬁawncos(eln+ian) (C-10)
Np = Np— %h% ,cos(el, +ia,) (C-11

where w,, isthe distance between the midbeam and the upper or lower beam of the current segment.
The lengths of the three beams are as follows:

CO
Us, = —delt (C-12)
nu
CO
Ms, = —delt (C-13)
n
CO
Ls, = —delt (C-19)
n
The width of the next segment is
s,—Ls 2
Whe1 = ,\/an + SJnTrH (C-15)
Theturning angleis
. _1ﬂJ Sy — LSnD
0, = SN T/ (C-16)
n x 2Wn+ 1 b

A plane tangent to the radar site can be defined, where D is the distance downrange of the radar site, and Z isthe
atitude above the tangent plane. The increment to tangent plane altitude and downrange because of this segment
can be calculated in feet by

D,,, = D, + Ms,cos(el,) (C-17)
Z,+1 = Z,+Ms,sin(el,) (C-18)

27



Note that the angleiais not used in equations (C-17) and (C-18) because aradar site origin is being used instead of
one local to the segment. The tangent plane position can be converted to altitude about a spherical Earth using the
law of cosines and figure C-2.

2 2
hyey = J(Re+h,+Z,,,)°+D,,,°~Re (C-19)

To use equation (C-19), the radius of the Earth at the radar site, Re, is heeded. Because the Earth is modeled as an
ellipsoid, the local radius of curvature of the ellipse will be used. This radius is given by equation (A-29). The
radius of curvature only needs to be computed once outside the refraction calculation loop because this radius only
depends on radar site geodetic latitude and Earth characteristics. As an alternative to egquation (C-19), the exact
calculation for altitude given in appendix B may be used although this calculation greatly increases the amount of
computation time required.

Next, theinternal Earth angle, ia, is calculated. For the spherical Earth, this angle is obtained by the definition of
thesine

D
. _ wnl0 Pn+1 0 .
18,4 = SN G——1r (C-20)

n+1

For the ellipsoid, the definition of the dot product is used. The two vectors are the site vertical vector, s, and the
local vertical vector, v. Both vectors are normal to their respective surfaces of the Earth; therefore,

. —1E$1vn +1,; + SV + 1, + S3Vn+1
la,+1 = COS 4
0 |[Vn+ 1]

5 (C-21)
[l

| X

930668

Figure C-2. Gradient refraction method geometry for a spherical Earth.
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Once, the parameters have been calculated for a single segment, the process is repeated for the subsequent seg-
ments with equations (C-8) through (C-19) and either (C-20) or (C-21) until all the segments have been analyzed.
Referring back to figure C-2, the corrected range and elevation are determined by

rr = Dns +Zns (C-22)
el = tan_lg—”sg (C-23)

The accuracy of the gradient refraction method depends on the length of the time segment, delt, and its optimum
value depends on the roundoff and truncation errors of the computer. For the SUN 600 computer at NASA Dryden,
avalue of delt that gives 1000-ft segments in a vacuum is generally used. Although this value may not be the opti-
mum, it was selected because data from balloon profiles of refractivity are received in 1000-ft intervals.

Because the largest gradient of refractivity with altitude occurs near the Earth, most of the bending of the radar
beam occurs near the Earth. Above a certain altitude, the remaining turning in the radar beam may be insignificant.
If the algorithm can be truncated above this point, a substantial computational savings is possible. An origina
method is presented now to determine when the gradient refraction algorithm may be truncated without introducing
significant errors.

The turning angle decreases with increasing atitude. This decrease is assumed to be at the same rate as
refractivity; therefore, the approximated turning angleis

{ —Ahnj
3937 Tt
H %00

9, =90,€e (C-24)
where Ah,, isan estimate of the altitude of the target above the current segment
Ah, = (ns—n+1)Ms,sin(el, +ia,) (C-25)

The difference between the free-space segment length and the segment length at a given atitude is likewise approx-

imated as
{ —Ath
3937 ft
H 200

(c,delt—Ms,)" = (c,delt—Ms,)e (C-26)
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The average turning that remains for each segment and the average segment length can be found by integrating
with respect to atitude and dividing by the remaining altitude

hy—h
P hes | 39371
1200

) -Ah,
i 3"dh i d5.e dh  3937ft, E L 3937;JE
5 _ h, _ h, _1200m ”% o 1200m-[] (C-27)
nrem - - - - g
Ah, Ah, Ah, 5 E
U Il
Pns
[codelt —(c delt - Msn)"}dh
= h
My = o
A Ah,
0 -Ah, |
H3BTM ¢ delt—Ms,)O L 3937“]5
_ 1200m" ° n 1200m]
= ¢ delt— " H-e . (C-28)
n [l 1l
0 0
The remaining turning is the average turning multiplied by the number of remaining segments
3937 ft O oo
. 2oomon(MS—N DL WL
8, =0, (ns—n+1) = " H-e . (C-29)
n [l 0
0 0

The agorithm ends if the remaining turning is less than the minimum turning. Minimum turning is arbitrarily
defined as 40 percent of the least significant bit of elevation. Because the digitization of elevationis 17 bitsin acir-
cle, the minimum turning is

360°

o
17

= 04

min (C-30)
If the algorithm is truncated early, the downrange distance from the radar site, D, and the altitude above the tangent
plane, Z, need to be adjusted for the remaining segments. This adjustment is done by adding the components of the
average segment length times the number of remaining segments. That is,

D¢ = D,,+M_(ns—n+1)cos(el) (C-31)

ns

Z.=Z,+M_(ns—n+1)sin(el,) (C-32)

ns
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When inversion layers and other atmospheric phenomena are present near the ground, the index of refraction does
not decay exponentially. Lack of such exponential decay can invalidate equations (C-24) and (C-26). For this rea-
son, the gradient refraction algorithm does not truncate below a certain critical atitude where these conditions
might exist. The radar program defaults to a critical geoid atitude of 10,000 ft; however, the user may select a dif-
ferent value. Figure 3 shows examples of the percentage of savings realized by this truncation algorithm as a func-
tion of elevation angle for two ranges.

WHITE SANDSMETHOD

The White Sands method for refraction correction was created out of a need to process radar data easily and in
nearly real time.3 This method uses an empirical fit to exact refraction corrections, such as results of the gradient
refraction methods at a given radar site. For this reason, the coefficients used are geographically specific. Because
only radar site atmospheric conditions are quickly available, the structure of the atmosphere above the radar siteis
assumed. This assumption contributes the greatest error to the method. The method was designed to provide
accurate results for elevation angles from 1° to 90° and for ranges of 500 to 200,000 yd.

A separate correction exists for elevation angle and range. Elevation angle correction will be discussed next. The
refractivity at the radar siteis used to calculate the constant K.

- 107 6400 N

e = 5 s (C-33)

Ki

where there are 6400 army mils/2mtradians. Then, the measured downrange and vertical distance from the radar site
inyards, D and Z respectively, are calculated by

D = rEmcos(elm) (C-34)
Z = rEmsin(elm) (C-395)

These distances allow the elevation error in army milsto be calculated by

Ael = KieD C-36

where the constant K, will be discussed shortly. Lastly, the corrected elevation angle comes from

360°

el, = el — 64—00Ael (C-37)

r
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Range is corrected in asimilar manner by

Ar = 2 C-38
Jarey; (&=

SO
r, = ry,—3Ar (C-39)

The constants K, K,,, and K,, are determined by a least squares fit of a large set of exact refraction correc-
tions, over arange of values of el and r,, for the desired radar site. These constants are a function of Ng. The
constant K, is given by

K, DAel - 5 Znel®

Koe = £ (C-40)
ZAeI
The K|, and K,, are determined by the simultaneous linear equations (which are in error in reference 3)
Kiry D* =Ky ¥ DAr =y DZAr (C-41)
Kiry DAr =Ky, 5 A =y zar® (C-42)

which transform to

(Y DAn ZArZD_( DZAr ArD
oAy (goungert .

S DAy _ > ngg Arzla

DALY zar’d_ (Y DZAry(y DAr
o gy o

» DAry? _ > D%&Ar%

Table C-3 shows values of these four constants for radars at Edwards AFB, California, and White Sands Missile
Range, New Mexico.3 The values labeled Old Edwards have been used at NASA Dryden for several decades;
however, no documentation for them exists. Values for K|, and K, did not exist for Edwards AFB, California,
during that time. The values labeled New Edwards were computed using the gradient refraction algorithm with
segment lengths of 500 ft; for ranges of 1,500, 3,000, 6,000, 15,000, 30,000, 60,000, 150,000, 300,000, and
600,000 ft; and for elevation angles of 2°, 5°, 12°, 25°, and 70°. These ranges and elevation angles are also used to
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determine the White Sands constants. Computations using the New Edwards constants have approximately one half
the error that the Old Edwards constants yield for elevation angles above 10° (fig. 4). The potential exists for
optimizing the constants for a given radar coverage by selecting certain combinations of range and elevation
angles, but this effort isleft for future work.

Table C-3. Constants for equations (C-36) and (C-38).

old New Edwards White Sands®
Edwards zgeoids = 2662.593 ft zgeoids = 4000 ft

No o Kie  Koayd  Kpyd  Kipyd  Kopyd  Koeyd  Kiyd Ky yd
220 02241 214106 199156  -3.627 157892 21790  -3023 11980
222 02261 211605 197731  -3.630 156558

224 02281 200166 196304  -3.633 155223 21200  -3025 11820
226 02302  20679.8 194874  -3.636 153887

228 02322 204493 193442  -3.638 152551 20650  -3029 11680
230 02343 202247 192007  -3.639 151214

232 02363 200059 190569  -3.640  14987.7 20130  -3033 11540
234 02384 197929 189128  -3.640 148539

236 02404 195852 187684  -3.640 147200 19610  -3037 11400
238 02424 193828 186237  -3.639 145860

240 02445 101854 184787  -3.638 144519 19110  -3041 11270
242 02465 189930 183334  -3.636  14317.8

244 02485 188048  18187.8  -3.634 141835 18650  -3.046 11140
246 02506 186215 180418  -3.631  14049.1

248 02526 184423 178955  -3.627 139147 18250  -3051 11020
250 02546  18267.3 177488  -3.623 137801

252 02567 180964 176017  -3.618 136453 17900  -3055 10890
254 02587 179291 174542  -3613 135105

256 02608 177659 173063  -3.607 133754 17550  -3059 10760
258 02628 176061 171580  -3.601 132403

260 02648 174497 170093  -3504 131049 17200  -3064 10640
262 02669 172968 168602  -3586  12969.4

264 02689 171471 167105  -3578 128338 16870  -3069 10520
266 02709 170006 165605 ~ -3569  12697.9

268 02730 168572 164009  -3560 125618 16550  -3074 10400
270 02750 167167 162588  -3550 124255

272 02771 165790 161071  -3539 122800 16250  -3.079 10280
274 02791 164442 159549  -3528 121522

276 02811 163120 158022  -3517 120152 15970  -3085 10170
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Table C-3. Concluded.

278
280
282
284
286
288
290
292
294
296
298
300
302
304
306
308
310
312
314
316
318
320
322
324
326
328
330
332
334
336
338
340

0.2832
0.2852
0.2872
0.2893
0.2913
0.2934
0.2954
0.2974
0.2995
0.3015
0.3035
0.3056
0.3076
0.3097
0.3117
0.3137
0.3158
0.3178
0.3198
0.3219
0.3239
0.3259
0.3280
0.3300
0.3321
0.3341
0.3361
0.3382
0.3402
0.3422
0.3443
0.3463

old New Edwards White Sands®

Edwards Zgeoidg = 2662.593 ft zgeoids = 4000 ft
16182.2 15648.8 -3.504 11877.9

16055.2 15494.8 -3.491 11740.3 15670 -3.090 10060
15930.4 15340.2 -3.478 11602.4

15808.2 15184.9 -3.463 11464.2 15400 -3.095 9940
15688.1 15028.9 -3.449 11325.7

15570.5 14872.1 -3.433 11186.8 15110 -3.100 9840
15454.9 14714.6 -3.417 110475

15341.4 14556.3 -3.400 10907.7 14850 -3.105 9730
15229.9 14397.2 -3.382 10767.6

15120.4 14237.2 -3.364 10627.0 14950 -3.111 9630
15012.8 14076.3 -3.345 10485.9

14907.2 13914.4 -3.325 10344.3 14350 -3.117 9550
14803.3 13751.4 -3.305 10202.1

14701.2 13587.5 -3.284 10059.3 14110 -3.122 9470
14600.9 13422.4 -3.262 9915.9

14502.2 13255.8 -3.239 9771.6 13900 -3.128 9390
14405.1 13089.1 -3.216 9627.5

14309.7 12919.7 -3.191 9481.5 13680 -3.135 9320
14215.7 12749.5 -3.166 9335.1

14123.2 12577.0 -3.140 9187.2 13470 -3.141 9260
14032.4 12403.5 -3.113 9038.7

13942.8 12228.1 -3.085 8889.2 13260 -3.148 9200
13854.7 12051.0 -3.056 8738.5

13767.9 11871.8 -3.026 8586.5 13070 -3.155 9140
13682.5 11689.8 —2.995 8432.6

13598.3 11505.9 —2.963 8277.6 12900 -3.162 9080
13515.4 11319.6 —2.930 8121.0

13433.8 11130.4 —2.895 7962.6 12750 -3.169 9020
13353.2 10938.2 -2.859 7802.1

13274.0 10741.9 -2.822 7638.8 12600 -3.177 8960
13195.8 10542.4 —2.783 7473.4

13118.8 10338.8 —2.743 7305.2 12520 -3.184 8910




APPENDIX D

SPIKE REMOVAL, FILTERING, AND DIFFERENTIAL DERIVATION

The spike removal, filtering, and differentiation routines for the “radar” program are derived in this appendix.
First, the spike detection and removal routines are described. Next, the transfer functions for the filtering and
differentiation routines are presented. Then, the filters are discretized to give time recursive difference equations.
Finally, the calculation of velocity and accel eration components is discussed.

SPIKE DETECTION AND REMOVAL

Automated spike detection and removal is an important utility of the program. Spike removal may be turned on
or off. By default, such removal is not performed during the nominal code operation. The traditional difficulty with
automated spike detection is in determining what constitutes a spike. Clearly, large data spikes can be detected and
removed using such traditional statistical techniques as 3o. Unfortunately, the 3o technique will not reliably work
for detecting subtle spikes which occur within the standard deviation of the data.

The spike detection and removal routines implemented in this program overcome this difficulty by differentiating
the suspected spike-corrupted signal. Differentiating the signal greatly amplifies data spikes and renders them
clearly distinguishable from the input data stream. This effect is illustrated in figure D-1 where a subtle spike in
the input data stream is rendered extremely large in the differentiated signal. Clearly, if the origina signal were
used to perform the spike detection, the 3o criterion would not have been violated. The spike would have remained
undetected.

40—
30—

20 —

Input
signal, A0 —
i(t)
0 —

-10—

-.20

Differentiated
signal,
di(t) 0
dt

| I I | | I | I I |
.10 .20 .30 .40 .50 .60 .70 .80 .90 1.00
Time, sec

930669

Figure D-1. Effect of differentiation of input data spike.
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Conversely, the differentiated signal clearly violates the 3o criterion at the data spike, and the data spike is easily
detected. A dliding window, whose length is user defined, is used to accumulate sample mean and standard
deviation statistics of the differentiated signal. The user aso selects the number of standard deviations for the
rejection criterion. When a data point is encountered whose magnitude deviation from the current sample mean
exceeds the rgjection criterion, then the point is rejected. The previous value of the derivative is used to extrapolate
the original signal across the corrupted region. As such, the spike-editing routines perform a hold-last-rate
interpolation. Mean and standard deviation statistics are calculated for a window twice: first using all derivative
data, then again using derivative data that are within the criterion band. For spike detection, a first-order-accurate,
backward-difference derivative is used. A single data spike will cause a large derivative at that point and another
large derivative of opposite sign at the next point. As a result, two points will be removed. The filtered derivative
described in the Differentiator Transfer Function subsection was not used. The effect of the one data spike would
have been spread out over many data points because of the filtering. Hence, many data points would be removed.

The spike detection routine demands that the first few data points be spike free, and the last one-half window of
data points will be discarded. The spike remover should never be used blindly on new data. First, run the data
without using the spike remover to determine if it is needed. If so, use various numbers of standard deviations as
the detection criterion, and inspect the results. A high number of standard deviations may allow many spikes to go
undetected, and alow number may remove valid data points.

LOW-PASSFILTER TRANSFER FUNCTION

The filtering and differentiation routines for the program are based on the use of an infinite impulse response
(1IR) filter to eliminate noise above a selected cutoff frequency.® In these routines, a second-order low-pass filter is
used. The frequency domain transfer function of thisfilter is given by

O(s) _

I(s) nOsi?,
Q,OD

1{ =0 (D-1)
TRy

where Wy, isthe natural resonance frequency, ¢ isthe damping ratio, and sis the Laplace transform variable. For
sinusoidal inputs, S = jw, the magnitude and phase angle of the filter transfer function may be written as follows:

M(jw) = (D-2)

In addition,

| LA e g
P(jw) = —tan O (D-3)

-]

"o

] [
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Figure D-2 shows a sample frequency response plot for a natural frequency of 0.5 Hz and several damping ratios.

With proper selection of the damping ratio, this transfer function allows the signal at low frequencies to be passed
essentially unaltered. At the same time, the signal at frequencies beyond ), is attenuated greatly with a magnitude
attenuation approaching 40 dB/frequency decade. Because equation (D-1) introduces a hegative phase angle, it will
have the effect of time-delaying the output signal. Thislag is given by

T = (Al)iinow = (20——& (D-4)

20 —

Magnitude,
dB
—60 —

—-80 —

-100 —

1% R | L LT | LT

180 —

120 —

60 —
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deg =<

-60 [— .

-120 —

-180
.01 .10 1
Frequency, Hz

Figure D-2. Frequency response of low-pass infinite impul se response filter with time shifting for several damping
ratios, wp = 0.5 Hz.
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Because filtered output signals are to be time-correlated with unfiltered input signals, this time delay is accounted
for by after-the-fact time-shifting of all filtered signals. This time-shifting is taken into account in figure D-2 which
shows nearly zero phase lag for frequencies lessthan w,, .

DIFFERENTIATOR TRANSFER FUNCTION

The differentiator is derived from equation (D-1) by simply concatenating the filter transfer function with an
open-loop zero (multiplying by s), which from Laplace transform mapping rules has the effect of differentiating the
original signal. That is,

L[dﬂti(t)} = sI(s)—i(0) (D-5)
The resulting transfer function is as follows:
O(s) _ S
= (D-6)
I(s) Qs ,:0SC
_nD + ZE HFD-I- 1

while using 1(0) = O . Because the open-loop zero tends to infinite magnitude at high frequency, it must be
concatenated with the low-pass filter to attenuate high-frequency measurement noise. Failure to do so resultsin a
differentiated signal that is overwhelmed by the overamplified noise.

Figure D-3 shows a sample frequency response plot for the differentiating filter at a natural frequency of 0.25 Hz
and a damping ratio of 0.7071 with time-shifting. Notice that the magnitude appears to follow the proper slope
through approximately 0.2 Hz. Beyond this frequency, the value rolls off, and the data no longer accurately
represent the derivative. As a consequence, the derivative signal will always be reduced in frequency content from
the original signal. As with the filtered data, atime delay occurs. This time delay is accounted for by after-the-fact
time-shifting of al differentiated signals, as shown by the nearly flat 90° phase at the lower frequencies.

FILTER DISCRETIZATION

The frequency-domain transfer functions are for continuous-time signals. For application to discrete-time-
sampled data signals, the filters must be mapped to the discrete-time Fourier plane, z-plane, and inverse
transformed to give difference equations. These difference equations can be implemented recursively to processthe
input signals.

Mapping from the continuous-time frequency plane to the discrete-time Fourier plane is completed through the
bilinear transform®. This mapping function is given by

_ 2rz-1g )
N TN (B-7)
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Figure D-3. Frequency response of low-pass infinite impulse response differentiator filter with time shifting,
wp = 0.25 Hz.

where At is the sample interval of the discrete-time system, and z is the discrete-time Fourier transform variable. If
Zis substituted into equation (D-1) and the results are collected, the resulting z-transform function for the low-pass
filter isasfollows:

2
O(z) _ _bo(z+1)
(@) a,+az+a,

(D-8)
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where

by = (w,At)° (D-9)
ay = 4+ (w,At)° — 480 At

a, = —8+2(w,At)°

a, = 4+ (W At)” + 48w At

Applying the rules of the inverse z-transform, the associated time-domain difference equation is as follows:

bA[i,+2i, ++i,_ o] —a.0 —a~0
0, = o[k k-1 k;]2 1¥%k-1 0Yk -2 (D-10)

Similarly, if z is substituted into equation (D-6), and the results are collected, then the resulting z-transform
function for the differentiating filter is as follows:

0@ _ _CZ-1)

(D-11)
1(2) 3-222 +a,z+a,
where
Cp = 2Atw, 2 (D-12)
Applying the rules of the inverse z-transform, the associated time-domain difference equation is
e rdor da
Collk—lk_o] —a, = — g
@] _ oL7k k=2 1|:th<_1 OEth(_z D-13
o, - a (D-13)
2

Equations (D-10) and (D-13) are time-recursive equations with k being the discrete-time index. Because the
equations are second-order, results from the two previous recursions are required at each frame. For initial startup,
this condition will cause brief transients which damp out in a period of time on the order of severa T.

SECOND-ORDER ACCURATE, BACKWARDS-DIFFERENCE
DIFFERENTIATOR

If no filtering of the velocity or accelerations is desired, the IIR differentiator described in the Differentiator
Transfer Function and Filter Discretization sections will not work. In this case, a second-order accurate,
backwards-difference differentiator with the following form is used:”

dog _ Sik—4i 1t o ]
e, 280 (D-14)
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VELOCITY AND ACCELERATION COMPONENTS

The range, azimuth, and elevation angles may be filtered in the program. The geocentric position components of
the vehicle, xc, yc, and zc, are differentiated and filtered once for velocity components and once again for
acceleration components. The velocity and accel eration components are then rotated into the local north, east, and
down system of the vehicle by

Vn VX
Vo =T vy (D-15)
Vd Vz
Acc, Acc,
Acce| = T'|Acc, (D-16)
Accy Acc,

where

—sin(A)cos(8) —sin(A)sin(8) cos(A)
= —dn(®) cos(8) 0 (D-17)
—cos(A)cos(B0) —cos(A)sin(B) —sin(A)

and where A and 0 isthe geodetic latitude and longitude of the vehicle, respectively. If the user desires, acceleration
of gravity at the vehicle atitude, g, may be subtracted from downward acceleration. The value of g can be
caculated from?16
R.2
g=9 .2 (D_18)
(R, * zgeoid)

where g, is standard acceleration of gravity, R, is aradius of the Earth, and zgeoid is the geoid altitude of the
vehicle. This subtraction makes the acceleration similar to that value measured by an onboard accelerometer.
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APPENDIX E

EARTH RELATIVE AND AIRDATA PARAMETER DERIVATION

The Earth-relative parameters are a function of the Earth-relative velocity components V,,, V,, and V. Total
Earth-relative velocity, V, is given by

V= V2+V 2 +V 2 (E-1)

Flightpath heading, W, is the horizontal angular direction the vehicle is going relative to true north. This heading
has nothing to do with where the vehicle is pointed and is computed as follows:

_ Ve
W =t (E-2)

Flightpath angle, y, or the vertical angular direction that the vehicle is going relative to the local horizontal is
defined positive upward as

y = tan  B———] (E-3)
V2 +V 20

Airdata parameters are determined from Earth-relative parameters that are adjusted for atmospheric properties.
These atmospheric properties have been entered into a table input to the “radar” program and are discussed in
appendix F. For interpolation and computation purposes, the magnitude and direction of the wind and lateral pres-
sure altitude gradient are converted into Cartesian coordinates by

W, = Wcos(W,)
W, = Wsin(¥,,)
AH o = AH 0 c0S(W, o) (E-4)

AH, lat, = AH

p lat
p IatSin(Lpp Iat)

The true airspeed, V,, of the vehicle is the square root of the squares of Earth relative speed plus the windspeed
expressed in feet per second for each component. Vertical winds are assumed to be zero.

Vo, = (VW2 + (Vo + W2 + v, 2 (E-5)
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True Mach number, M, , isthe true airspeed divided by the speed of sound. That is,

_ Ve, 1200 m
M., = /\/I(IOOOR 3937 ft (E-6)

+ 15°
(T, +273.15%)

(o]

where T is the ambient temperature at the atitude of the vehicle; k is the ratio of specific heats for air; R isthe
universal gas constant; and M, is the molecular weight of dry air. Pressure altitude from the atmospheric table is
adjusted for alateral pressure gradient by

xrAH +yrAH

6076.1155—
n. mi.

p lat, p lat,

Hp = Hptable+

(E-7)

where xr and yr are determined from equations (A-25) and (A-26).
Ambient pressure, Ps,, , is determined from pressure atitude by the U. S. Standard Atmosphere.16 For regions of
the atmosphere where the temperature has a constant |apse rate, L, the ambient pressureis

_goMo
L RL
Ps, = Ps, |1+ (Hp~Hp..) (E-8)
(T e+ 273.15°)

®pas

where the subscript base denotes values at the lowest altitude of the region. For regions with a constant tempera-
ture, ambient pressureis

Mo B_l _H O
R(T,, +27315°)U'P " "Ppaed”

Ps, = Ps,, °© (E-9)

®pase

Thevalues of L, waase, and Psmbase are given for each atmospheric region in table E-1. For altitudes greater than
those in table E-1, ambient pressure is set to zero.
Lastly, dynamic pressure, q, isdefined as

q= IgF’sml\/l(,o2 (E-10)
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The values for wind magnitude, wind direction, and ambient pressure at the vehicle are determined by interpolation
of the atmospheric table.

Table E-1. Constants used in equations (E-8) and (E-9).16

Hy, km L, K/km T, _.°C Ps,,, . Ibf/ft2
0-11 65 15.0 2116.22
11-20 0.0 565 472.68
20-32 1.0 -56.5 114.3450
32-47 28 445 18.12885
47-51 0.0 2.5 2.31630
51-71 28 25 1.398035
71-84.852 -2.0 -58.5 0.082631




APPENDIX F

PROGRAM USE

Thisappendix gives ashort history of the“radar” program and operational details of its use. The primary focus of
this discussion involves the program’s use at NASA Dryden.

BACKGROUND

An early version of this computer program dates back to the late 1950's and was used with the X-15 program.*
This code, version 1.0, computed Cartesian position, altitude, total velocity, rate of climb, and radial acceleration. It
used only the White Sands method for refraction correction (appendix C). Altitude was computed assuming a
spherical Earth. Over the years, several new features and options were added to the program. In addition, the code
was converted several times as mainframe computers were replaced with newer models. The program on the IBM
computer was called version 2.0. Version 3.0 was on the CYBER computer. Version 3.0 was converted for use on
the ELXSI computer asversion 4.0. Version 5.0 was basically the current program implemented on the ELX S|, and
version 6.0 was converted to run on a SUN 600 workstation. Versions 6.1 and 6.2 removed a few problems from
version 6.0 and added afew new options. Previously, several versions of the same program existed simultaneously.
In addition, each user tailored the code to fit individual needs. Inefficiencies and errors were found in the program,
probably because of the lack of central control of the source code. To refurbish the program, each algorithm was
investigated and derived from basic principles, and inefficiencies in the code were eliminated. Now the code, ver-
sion 6.2, resides on the system level of csl, a SUN 600 workstation using System 4.1.2, and configuration changes
will be tracked.

EXECUTABLE AND SOURCE CODES

For the computer csl at NASA Dryden, the files for the program reside in the directory, /dryden/csl/radar. The
executable file radar handles input—output definitions and executes the FORTRAN code. The executable FOR-
TRAN code, radar.source.6.2, is generated from the source code, radar.source.6.2.f, by running radar.bind.

PREPARING RAW DATA FOR THE SUN 600 COMPUTER

The four possible sources for the raw radar data are as follows:

Flight Data Access System (FDAS)? at NASA Dryden.

Nine-track magnetic tape supplied by Western Aeronautical Test Range (WATR).

Engineering units range, azimuth, elevation in an unformatted file.

Geocentric Cartesian coordinate datain an unformatted file.

*Marcalus, Vincent J., NASA-FRC Data Reduction Requirements for High Range Radar Data, undated working paper.
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Figure F-1 shows a flowchart for the radar program. The foll owing subsections describe each source and provide
specific directions for preparing the data for use on the SUN 600 computer called csl at NASA Dryden.

WATR ’ Binary
Fdas tape ]

t,r,az, el

Y

Read tape Binary
GetFdas on cs2 t, Xc, yc, zc
—> 4—

<prefix>.raw.radar

"radar" program,

<prefix>.radar.setup [—m-| Version6.2
namelist

Refraction table

Atmospheric table

| <prefix>.radar.out.bin |

<prefix>.radar.out
Standard | <prefix>.radar.print |
output
[IMandatory input and output files
[ Optional 930672

Figure F-1. Flowchart of the “radar” program, version 6.2.
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Flight Data Access System Data

If thg raw data resides on the FDAS, the user needs to copy the data into a working directory using the GetFdas
utility. The stepsto retrieve data using GetFdas are outlined next.

1. Enter the utility with the command
getfdas

2. Select the flight project with the command

project <flight-project>
3. Enter the appropriate identification or password if oneis required for your project.
4. Select the appropriate flight with the command

flight <flight-number >
5. Complete the parameters command with

parametersrange _cts ## azimuth_cts ## elevation_cts ##

where ## is the radar site number. Some vehicles are tracked by multiple radars simultaneously, and some projects
have the main vehicle tracked by one radar and the chase vehicle tracked by a different radar. The “radar” program
can analyze the data set from only one radar at a time. Valid radar site numbers for Edwards AFB, California,
are 34 (primary NASA Dryden radar), 05 (backup NASA Dryden radar), and 38 and 41 (Air Force Flight Test Cen-
ter, radars).

6. Enter the write command with

write <prefix>.raw.radar unc3

where <prefix> is a descriptive name for the aircraft, flight, and maneuver, for example, f104.1228.ad. This com-
mand produces the file <prefix>.raw.radar in your working directory in unc3 format.2

7. Enter the time command with
times hh.mm.ss.msec - hh.mm.ss.msec sync=radar_##

where the first hh.mm.ss.msec is the hours, minutes, seconds, and milliseconds of the beginning of the data of
interest, and the second time is the stop time. Some of the data on the FDAS are in Greenwich mean time (G.m.t.),

*Maine, Richard E., User’'s Manual for GetFdas; Version 0.72, Apr. 30, 1993, working paper.
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but the mgjority of these dataare in local times. A maximum of 75,000 time points may be used for each run. This
maximum corresponds to 60 min of data at 20 samples/sec with extra padding for filtering start-up transients, lags,
and spike removal. As stated in appendix D, start-up transients die out on the order of several lag constants. Spike
removal and filtering any parameter causes samples to be lost at the end of the data. Such losses result from the
time shifting of the lag (equation (D-4)); therefore, the requested start time of the data should be before the required
start time. In turn, the stop time of the data should be after the required stop time when filtering is performed. For
the default-filtering frequencies shown in table F-1, 3.150 sec of extra data are needed to account for the lags. Spike
removal requires one-half of a window of extra data points, which is 2.500 sec for the default window size and
input sampl e rate.

8. Exit the GetFdas utility and return to csl's operating system by entering the command

quit

Table F-1. Namelist parameters for <prefix>.radar.setup file.

Namelist Parameter Description Type Default

date month Month of flight Int*4 None
day Date of flight Int*4 None
year Year of flight Int*4 None

input prefix File name prefix for all input—output files Char* 66 None
istart Start hr, min, sec, msec time Int*4(4) None
istop Stop hr, min, sec, msec time Int*4(4) None
izulu Number of offset hours, 7 for G.m.t to Pd.t., 8 for Int*4 None

G.m.t. to Pst.

indat spikes .true. to remove spikes Logic*4 fase.
window Number of pointsin spike window Int*4 100
sigma Number of standard deviations for spike removal Real*8 3.
hlv Hold-last-value for missing data Logic*4 false.
Xi Damping ratio of filters Real*8 J2/2
wbl Position-filtering break frequency, Hz Real*8 0.5
wb?2 Velocity-filtering break frequency. Hz Real*8 0.25
whb3 Acceleration-filtering break frequency, Hz Real*8 0.125
gravity Is g to be subtracted from acceleration down? Logic*4 true.
spsin Sample rate of input Redl*8 20.

48



Table F-1. Concluded

Namelist

amb

radsite

opt

Parameter
nprint
corref
emin
tdry

twet
pamb
reft

nref

zmin

Is

grellip

sitlat
siting
sith
sitgs
Zbias
a

b
mlas
misir
atm
numbp
binout

binraw

taperaw
unc3raw

Xyz

thin

Description
Print-thinning factor
.true. for refraction corrections
el below which gradient refraction is used
Radar site dry bulb temperature
Radar site wet bulb temperature
Radar site atmaospheric pressure
true. if refraction table is used
Number of entriesin refraction table

Altitude below which gradient refrection is not
truncated

Length of gradient refraction segments

true. if thefull ellipsoid Earth model is to be used
in gradient refraction corrections

Radar site geodetic latitude

Radar site longitude

Radar site ellipsoid atitude

Radar site geodetic separation

Altitude bias, zgeoid = h — sitgs— zbias
Semimagjor axis of Earth

Semiminor axis of Earth

Maximum mislevel, arc sec

Azimuth of maximum up mislevel, deg
true. if atmospheric table used
Number of entries in atmospheric table
true. if Real*8 binary output desired

true. if Rea*8 binary raw t, 1, az, €l dataareto be
read in

true. if data on WATR 9-track tape
true. if dataon FDAS, unc3 format

true. if Real*8 binary raw t, xc, yc, zc dataareto
bereadin

Thinning factor for output

Type
Int*4
Logic*4
Real*8
Real*8
Real*8
Real*8
Logic*4
Int*4
Real*8

Int*4
Logic*4

Real*8
Real*8
Real*8
Real*8
Real*8
Real*8
Real*8
Real*8
Real*8
Logic*4
Int*4
Logic*4
Logic*4

Logic*4
Logic*4
Logic*4

Int*4

Default
40
true.

70
59 °F
59 °F
27.25in. Hg.
false.

0
10,000. ft

1,000 ft
false.

34.96081°
—117.91150°
2563.200 ft
—99.393 ft
0
20925604.47 ft
20855444.88 ft
0
0°
false.

false.
false.

fase.
true.
false.
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Western Aeronautical Test Range Nine-Track Tape Data

If the radar data are from Edwards AFB, California, but are not on the FDAS, then the raw radar data are proba-
bly on 9-track magnetic tape in encoded binary format supplied by the WATR. Most of these tapes were written at
adensity of 800 bpi, and the rest were written at a density of 6250 bpi. The tape drive on the computer named cs2
will automatically select the proper tape density. These data need to be copied from magnetic tape to the working
directory. Steps for copying these data are as follows:

1. Call the computer operator.

2. Ask to have the tape mounted on the cs2 tape drive.

3. Give the operator the tape number, for example, 3679f.

4. Be sure to specify “noring” to make the tape write protected.

5. Read the tape using the command

rsh - tapeuser -n ¢s2 dd if=/dev/rst3ibs=900 > <prefix>.raw.radar

from the working directory.

6. Verify that this procedure produced the file <prefix>.raw.radar in the working directory.

7. Call the operator back to have the tape removed from the tape drive.
Raw Range, Azimuth, Elevation Data

If the data come from aradar that is not located at Edwards AFB, California, provide abinary file with time (sec-
onds after midnight), range (feet), azimuth (degrees clockwise from true north), and elevation (degrees above loca
horizon) on each record and without a header. These four parameters must be in 8-byte unformatted words, asis

generated by an unformatted write command in FORTRAN with double precision variables. Name this file <pre-
fix>.raw.radar located in the working directory.

Raw Cartesian Coordinate Data

If the raw data are Cartesian coordinate position data referenced to the center of the Earth, provide an 8-byte
unformatted word file with time (seconds after midnight), xc, yc, and zc (feet) on each record with no header. This
coordinate system is described in appendix A. Name thisfile <prefix>.raw.radar located in the working directory.

As shown in figure F-1, one of the four input sources named <prefix>.raw.radar is required. The file
<filename>.radar.setup controls which of the four sourcesis used for a particular run.

CHOOSING RADAR PROGRAM OPTIONS

Generate the <prefix>.radar.setup file which contains all the option settings to execute the radar program using
namelist and tables. An examplefile is given at the bottom of this subsection. Ensure that the first column is blank.
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The first record of this file is an 80-character line of text that will be the header for printed output. The namelists
start on the second record. Table F-1 lists these namelists, parameters, descriptions, and default values. Note that
namelists “date” and “inpt” have no defaults and must always be included in the file. The parameter prefix should
be set to <prefix>. This setting allows the program to find the appropriate input files. The refraction table, if oneis
desired (that is, if reft = .true.), follows the namelists. If airdata parameters are desired (that is, if atm = .true.) the
atmospheric tableislast in thefile (fig. F-1). The namelist parameters and the table formats are discussed next.

“date’, “inpt”, and “indat”—The parameters of these namelists are adequately listed in table F-1, but a few
caveats exist for the times and filtering break frequencies. There is a maximum of 75,000 time points/run, which
corresponds to 60 min of data at 20 samples/sec with extra padding for filtering. If an interval is requested that
exceeds the 75,000 time points, an error message will be printed and the program will stop. The start time should
take into account start-up transients of the filters. The stop time is the actual desired stop time. The program will
automatically read in enough data after the stop time to account for the filtering lags.

“izulu”—If the raw data are from the WATR 9-track tape, timeisin G.m.t., and izulu needs to be set to the hour
offset between G.m.t. and the desired time zone. Data on the FDAS are generally in local time, so izulu would be
zero.

hlv—If gaps exist in the input data, the program will fill in the missing data. Data are generated by using hold-
last-rate on the previous data as the default. The missing data can be generated by hold-last-value by setting hlv
true, but remember that the velocities and accelerations will be adversely affected.

wh1—If the position filtering break frequency, wbl, is set to zero, nofiltering is performed.

wb2 or wb3—If the break frequencies for either velocity or acceleration, wb2 or wb3, are set to zero, a
second-order accurate, backwards-difference differentiator is used with no filtering for that derivative.

corref—The parameter corref determines if atmospheric refraction corrections (both gradient refraction and
White Sands methods) are performed.

emin—~Parameter emin is the measured €levation angle below which the gradient refraction method is used.

If emin =-90°, use White Sands method.

If emin = 90°, use the gradient refraction method.
Giving an intermediate value to emin causes the White Sands method to be used for high-elevation angles where it
is quite accurate, and the gradient refraction method to be used for low-€elevation angles. Using the New Edwards
curve, figure 4 can be used for Edwards AFB, California, to decide what value of emin is appropriate for a particu-
lar application. Note that errors will be larger than those in figure 4 when the range exceeds 600,000 ft. If refraction
corrections are to be performed, either the radar site atmospheric properties or a refraction table must be provided.

If both are in the <prefix>.radar.setup file, the refraction table is used.

tdry, twet, and pamb—The radar site atmospheric parameters are tdry, twet, and pamb. If the values of these
three parameters are physically impossible, awarning will be printed, and the program will stop.
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reft and nref—Parameters reft and nref are set if arefraction table is included for input. This table will have a
column of geometric geoid altitude (above mean sea level) and a second column of refractivity (sometimes called
“N” units). Table F-2 gives an example of arefractivity table. This table must be in increasing order of altitude and
follow the namelists (fig. F-1). Because the program extrapolates refractivity when the desired value is outside the
bounds of the table, the first two and last two entries in the table must exhibit the same trend as the rest of the data.

Table F-2. Example of refractivity table (Pt. Arguello, California,
July 17,1991, 1630 G.m.t.).

zgeoid, ft N zgeoid, ft N
1,000 323 33,000 94
2,000 311 34,000 91
3,000 293 35,000 87
4,000 274 36,000 83
5,000 241 37,000 80
6,000 233 38,000 76
7,000 229 39,000 72
8,000 226 40,000 68
9,000 222 41,000 65
10,000 217 42,000 63
11,000 209 43,000 60
12,000 200 44,000 57
13,000 191 45,000 54
14,000 181 46,000 52
15,000 174 47,000 50
16,000 168 48,000 48
17,000 162 49,000 46
18,000 156 50,000 44
19,000 151 51,000 42
20,000 145 52,000 40
21,000 141 53,000 38
22,000 136 54,000 36
23,000 131 55,000 34
24,000 127 56,000 33
25,000 123 57,000 31
26,000 119 58,000 30
27,000 115 59,000 28
28,000 111 60,000 27
29,000 108 61,000 25
30,000 104 62,000 24
31,000 101 63,000 23
32,000 97 98,500 4
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Thisinformation is usually given in 1000-ft increments. The White Sands method only uses the refractivity at the
altitude of the radar site.

zmin, Is, and grellip—The parameters zmin, Is, and grellip are used to control the gradient refraction method.

e The zmin is the geoid altitude below which the truncation algorithm is not used. This truncation algorithm
assumes an exponential decay of refractivity with altitude. Near the ground and especialy in inversion layers,
the refractivity may be irregular (fig. 2). Appendix C discusses this subject in additional detail.

* The Isis the approximate length of the segment used in the gradient refraction method. The accuracy of the
gradient refraction method depends on Is, and its optimum value depends on the roundoff and truncation errors
of the computer. For the SUN 600 computer at NASA Dryden, avalue of |s= 1000 ft is generally used although
this value may not be the optimum. This value was selected because data from balloon profiles of refractivity
come at 1000-ft intervals.

» The grellip controls the Earth model used during the gradient refraction method. If grellip = .fase., the Earth
model is spherical. If grellip = .true., the Earth model is the elipsoid. To date, no significant differences in
refraction corrections using the two settings of grellip have been observed, but possibly it could be significant
at extreme ranges. Using the ellipsoid model during the gradient refraction method increases computation time
tremendoudly.

sitlat, siting, sith, and sitgs—These parameters represent the geodetic | atitude, longitude, ellipsoid atitude, and
geodetic separation, respectively, of the radar site for the Earth model described by the parameters a and b. The
defaults are for radar 34 at Edwards AFB, California, in the WGS 84 system. Table F-3 gives radar site positions for
several installations in the WGS 84 system. Table 1 gives values for a and b in several systems. Entering values for
sitlat, siting, sith, sitgs, a, or b has no effect for the FDAS or WATR input formats. When the raw data are from the
FDAS or the WATR 9-track tape, the radar site coordinates in the WGS 84 system are automatically entered to the
program for any of the four radars at Edwards AFB, California.

Table F-3. Californiaradar site coordinates in WGS84 system.

Radar site Lagteléde, Longitude, deg hg, ft s, ft zgeoidg, ft
Edwards 34 34.96081 —117.91150 2563.200 —99.393 2662.593
Edwards 05 34.95774 -117.91187 2538.699 —99.403 2638.102
Edwards 38 34.96961 —117.92941 2605.359 —99.304 2704.663
Edwards 41 34.97045 —117.93056 2623.771 —99.298 2723.069
Pt. Mugu 003004 34.12289 —119.15475 —77.211 -121.027 43.816
Pt. Pillar 213002 37.49784 —122.49970 61.030 -108.917 169.947
Pt. Pillar 213003 37.49687 —122.49667 7.192 -108.881 116.073
San Nicholas|s. 013003 33.24769 —119.52074 809.700 —122.040 931.740
Vandenberg 023001 34.58276 —120.56157 2059.281 -113.510 2172.791
Vandenberg 023002 34.58305 —120.56111 2059.310 —113.500 2172.811
Vandenberg 023003 34.66586 —120.58144 288.871 -113.412 402.283
Vandenberg 033001 34.75825 —-120.62712 85.298 —113.103 264.019
Vandenberg 033701 34.77492 —120.53607 404.530 -112.674 517.204
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Zbias—The user can bias the altitude using the zbias parameter. This function may be desirable if the geoid sep-
aration at the radar site differs significantly from the geoid separation at the location of the vehicle. To output alti-
tude as ellipsoid atitude, make zbias = —sitgs.

mlas and mldir—These parameters allow corrections for radar pedestal mislevel. It is assumed that the pedestal
is tilted by the number of arc seconds in mlas and that the azimuth of the high side of the pedestal is given by
midir.

atm—This parameter is set to .true. if an atmospheric table isinput so that airdata parameters can be calculated.
This table consists of seven columns, an example of which is given in table F-4, and is placed at the end of thefile
(fig. F-1). Thefirst column is geometric altitude (above mean sealevel) in feet, zgeoid, and the second is the corre-
sponding pressure dtitudein feet, H p table for awesather analysis above the radar site. Ambient temperature, T,
is shown the third column. The fourth and fifth columns include windspeed in knots, W, and wind direction, ¥, .
The wind direction is in degrees from true north and describes the direction from which the wind blows, so a north
wind blows from north to south, and W, = 0°. The sixth and seventh columns list |ateral pressure altitude gradi-
ent and direction, AH 5 and W, . The lateral pressure altitude gradient is the number of feet that pressure
altitude changes per nautical mile, and direction is the direction of decrease of pressure. As aresult, if alow pres-
sure area is due north of the radar site, then ‘Pp 1at = 0° Thistable must be arranged in increasing order of geo-
metric altitude. If values outside the range of the table are sought, the nearest values of the table are used.

numbp—This parameter represents the number of entries (rows) in the atmospheric table.

Table F-4. Sample atmospheric table for radar 34, at Edwards, California, on June 13, 1988.

: AH plat’ deg
zgeoid, ft Hp taie- ft Te,°C W kn W, deg ft/n. mi. Wplar ded

2,302 2,275 30.0 03 085 0.10 250

3,330 3,243 255 04 074 0.10 170

4,133 4,003 22.7 10 074 0.10 165

4,956 4,781 215 13 080 0.20 160

6,145 5,902 20.0 12 072 0.20 160
10,354 9,882 8.8 09 145 0.25 235
13,597 12,977 -0.6 06 275 0.25 360
15,806 15,079 0.2 11 310 0.30 040
19,201 18,289 8.1 14 313 0.40 057
24,759 23,574 214 20 306 0.50 032
28,800 27,469 -31.5 43 300 0.55 032
31,495 30,065 -38.3 34 300 0.55 032
33,045 31,570 —42.0 33 301 0.65 030
35,533 33,999 —48.8 38 300 0.67 027
38,258 36,679 -55.0 39 300 0.70 020
39,232 37,647 -56.5 44 294 0.74 020
40,244 38,662 -58.8 50 300 0.76 020
41,855 40,284 -59.4 45 301 0.74 020




The program uses the distance north and east of the radar site, xr and yr, from equations (A-25) and (A-26).
Because these quantities originate at the radar site, the atmospheric table should be referenced to the specific radar
site geographicaly. If the atmospheric tableis not referenced to the radar site, the radar data must first be processed
without atmospheric input to give geocentric position. Then using the geocentric position as input, run the program
again with the radar site respecified as the origin of the atmospheric data.

binraw, taperaw, unc3raw, xyz, and binout—These parameters are explained in table F-1 and control which
input source is used and whether binary output is generated. Note that although binary output takes up a great deal
more memory than the normal compressed output (which isin cmp3 format)?, it retains its full 8-byte word. The
cmp3 format output retains only the three most significant bytes. This level of precision is acceptable for most
parameters. On the other hand for such parameters as Cartesian position from the center of the Earth, latitude, and
longitude, a significant amount of resolution islost when the compressed format is used.

thin—This last parameter in the namelist is the requested thinning factor for the output. This parameter has no
effect on the filters or differentiation and is only used for the output routines.

Figure F-2 shows an example radar.setup file. This file will process data for flight 1228 of the F104 aircraft
(Lockheed Corporation, Burbank, California) which occurred on June 13, 1988. Four and one-half minutes of data
are analyzed from 11:33:32 to 11:38:02 local time, and a 7-hr offset exists between P.d.t. and G.m.t. The filtering
frequencies have been changed from the defaults, and the radar site weather conditions are entered for atmospheric
refraction corrections. Radar site information will be entered automatically when the raw data are read, but manual
entry of the namelist name is still required in this setup file. An atmospheric table has been provided with 18 break-
points, so airdata quantities will be computed. The input is from the WATR 9-track tape, and a binary output file
will be generated. Entering the command

man radar

on csl gives an abbreviated set of these instructions and this example.

RUNNING THE RADAR PROGRAM

Now that the input files have been created, begin the radar program by typing
radar <prefix>.radar.setup

in the working directory. If the program will take a while to run (for example, if the gradient refraction is used),
then consider using this program in another window or in the background. After successful use of the program, the
compressed output in cmp3 format? will be in <prefix>.radar.out. The binary output, if requested, will be in
<prefix>.radar.out.bin (fig. F-1). If an atmospheric reference table is used, all parameters given in table F-5 are
output. If an atmospheric reference table is not provided, only channels 0 through 29 are output. Most of the output
parameter names have an “r” prefix to help distinguish these radar-derived results from results derived from
aircraft-calibrated parameters, global-positioning systems, or inertial navigation systems. The data can be exam-
ined using a plotting program. A text output will be created called <prefix>.radar.print. An abbreviated version of
the text output is sent to standard output, which is the monitor when the program is run interactively. Multiple data
sets may be analyzed simultaneously from the same directory if each has a unique prefix.
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radar data for F104 flt1228 a/c, radar #34

$dat e nont h=06, day=13, year=1988 $

$inpt prefix='f104.1228', istart=11, 33,32,000, istop=11, 38,02,000, izulu=7 $
$i ndat wbl =0. 2, wb2=0.1, wb3=0.05 $

$anb tdry=86.0, twet=59.0, panb=27.17 $

$radsite $

$opt atme.true., numbp=18, binout=.true., taperaw=.true. $

2302. 2275., 30. 03., 085., 0.10, 250.
3330. 3243., 25. 04., 074.,0.10, 170.
4133. 4003., 22. 10., 074.,0.10, 165.
4956. 4781., 21. 13., 080., 0. 20, 160.
6145. 5902., 20. 12., 072., 0. 20, 160.
10354. 9882. 09., 145., 0. 25, 235.
13597., 12977., 06., 275., 0.25, 360.
15806., 15079. 11., 310., 0. 30, 040.
19201., 18289. 14., 313., 0. 40, 057.
20., 306., 0.50, 032.

28800.
31495.
33045.
35533.
38258.
39232.
40244.
41855.

27469.
30065. ,
31570.
33999.
36679.
37647.
38662. ,
40284.

43., 300. 55, 032.
34., 300. 55, 032.
33., 301. 65, 030.
38., 300. 67, 027.
39., 300. 70, 020.
44., 294. 74, 020.
50., 300. 76, 020.
45., 301. 74, 020.

POUOXOWNRRNOOOUNINUIO
COOOOOOO0LO00000000

24759., 23574.

Figure F-2. Sample <prefix>.radar.setup file for flight 1228 of the F104 aircraft, June 13, 1988. (The first col-
umn of thisfileis blank.)

MEMORY

On the SUN 600 computer, the FORTRAN source code takes up 89 kilobytes of memory, and the compiled code
takes up 385 kilobytes of memory. For 30 min of data at 20 samples/sec, the approximate maximum file sizesare as
follows:

84 kilobytes for the standard output saved to afile

656 kilobytes for <prefix>.radar .print

3.2 megabytes for <prefix>.radar .out

11 megabytes for <prefix>.radar.out.bin

23 megabytes for the assorted scratch files.

Each scratch file is automatically deleted when the program finishes using that file. File sizes are smaller when
shorter time segments are used and if the airdata parameters are not desired. The <prefix>.raw.radar file may
require several megabytes. Table F-5 shows the output parameters.
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Table F-5. Output parameters.

No. Parameter Description Equation
0. time Local time after midnight, sec —
1. rraw Range, counts —
2. araw Azimuth, counts —
3. eraw Elevation, counts —
4, reng Range, no corrections, ft —
5. aeng Azimuth, no corrections, deg —
6. eeng Elevation, no corrections, deg —
7. rfilt Range, spikes removed and filtered, ft —
8. afilt Azimuth, spikes removed and filtered, deg —
9. efilt Elevation, spikes removed and filtered, deg —
10. rcor Range, rfilt corrected for refraction, ft —
11. ecor Elevation, efilt corrected for refraction, deg —
12 e Distance from center of Earth along ]S[quitorial plane toward 0° longitude, (A-20)
Distance from center of Earth along equitorial plane toward 90° east
13. ryc Iongitu%:] ft g (A-20)
14. rzc Distance from center of Earth toward north pole, ft (A-20)
15. rXr Distance north of radar site on ellipsoid Earth, ft (A-24)
16. ryr Distance east of radar site on élipsoid Earth, ft (A-25)
17 - Geometric atitude above mear; Sle:; (?:el (geoid), zgeoid = h —sitgs— (B-40) with bias
18. rglat Geodetic latitude, deg (A-22)
19. rgclat Geocentric latitude, deg (A-22)
20. rglong Longitude, deg (A-23)
21. rvn Velocity north filtered, ft/sec (D-15)
22. rve Velocity east filtered, ft/sec (D-15)
23. rvd Ve ocity down filtered, ft/sec (D-15)
24, ran Acceleration north filtered, ft/sec? (D-16)
25. rae Acceleration east filtered, ft/sec? (D-16)
26. rad Acceleration down filtered, local gravity may be subtracted, ft/sec? (D-16 and D-18)
27. rvtot Earth relative total velocity, ft/sec (E-1)
28. rfph Flightpath heading, deg (E-2)
29. rfpa Flightpath angle, deg (E-3)
Atmospheric-derived parameters
30. rwindmag Wind magnitude, ft/sec —
31 rwinddir Wind direction from true north, deg —
32. rpsinf Ambient pressure, 1bf/ft (E-8 and E-9)
33. rtinf Ambient temperature, °R —
34. rvinf True airspeed, ft/sec (E-5)
35. rminf Mach number (E-6)
36. rgbar Dynamic pressure, 1bf/ft (E-10)
37. rhp Pressure altitude, corrected for lateral pressure gradient, ft (E-7)
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APPENDIX G

NOMENCLATURE
A scale height constant for equation (C-7), m
AFB Air Force Base
AFFTC Air Force Flight Test Center, Edwards, California
AN/FPS-16 Army-Navy/Fixed Position System radar
Acc vehicle acceleration, ft/sec?
a ellipsoid semimajor axis, ft
abcdfqg refractivity constants for equations (C-3) and (C-4)
az azimuth angle, deg
ay, a4, &y, by, ¢ filter constants
a2, b2, c2 coefficients of second-order form of quartic equation
B scale height constant for equation (C-7), m
b ellipsoid semiminor axis, ft
b Ce dg coefficients of resolvent cubic equation
bpi bits per inch
bq, Cys dq, €q coefficients of quartic equation
C dummy variable
C scale height constant for equation (C-7), m
Char character FORTRAN variable
Co speed of light in avacuum, ft/sec
D downrange distance from radar site, ft or yd
d distance from ellipsoid, ft
delt timeinterval for gradient refraction segment, sec
e eccentricity
el elevation angle, deg
es saturation vapor pressure, in. Hg.
ev vapor pressure, in. Hg.
FDAS Flight Data Access System
G.m.t. Greenwich mean time
GPS Global Positioning System
g acceleration of gravity at the vehicle, ft/sec?
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LSB
Logic

m.s.l.

NASA

ns

standard acceleration of gravity, 32.1740 ft/sec? or 9.80665 m/sec?
geoid separation, ft

scale height, m

pressure altitude, ft

pressure atitude from atmospheric table, ft
geometric ellipsoid atitude, ft

transformed input function

infinite impul se response

inertial navigation system

integer FORTRAN variable

time domain input function

internal Earth angle, deg

equation (B-2)

imaginary number, J—_:L

White Sands method coefficients

ratio of specific heatsfor air, 1.4

Laplace transform

temperature lapse rate, K/km

least significant bit

logical FORTRAN variable

lower segment length, ft

gradient refraction segment length when n =1, ft
magnitude

molecular weight of dry air, 28.9644 gm/mole
middle segment length, ft

true free-stream Mach number

average remaining segment length, ft
coefficients of linear solution to quartic equation
mean sea level

refractivity

National Aeronautics and Space Administration
segment number

number of segments
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P.d.t.
P.sit.

WATR
WGS

60

transformed output function

time domain output function

Pacific daylight time

Pacific standard time

ambient pressure, |bf/ft?

radar site atmospheric pressure, in. Hg.

coefficients of reduced cubic equation

dynamic pressure, 1bf/ft?

universal gas constant, 8.31432 kg-m? /(K-mol e-sec?)
real FORTRAN variable

local radius of curvature of the Earth at the radar site, ft
radius of the Earth for g calculation, 20,855,531.5 ft
ratio of reduced cubic and trigonometric reduced cubic eguation solutions
range, ft

relative humidity, percent

dummy variable

radar site vertical vector

Laplace transform variable

dry bulb temperature, °R or °F

ambient temperature, °C or °R

wet bulb temperature, °R or °F

time, sec

variable of trigonometric reduced cubic equation
upper segment length, ft

ellipse major coordinate, ft

Earth relative velocity, ft/s

true airspeed, ft/sec

local vertical vector

ellipse minor coordinate, ft

windspeed, ft/sec or kn

Western Aeronautical Test Range

World Geodetic Survey

width of radar segment (separation between beams), ft



XY, Z
XC, YC, ZC
X, Y 4
X

q
Xr

Ye

ze

zgeoid
Subscripts
base

d

X, ¥,2

Xg» Yo Zg
Superscripts

Symbols

b < 1™

point on elipsoid, ft

Cartesian distance from the center of the Earth, ft

radar site local north, east, and down coordinates, ft

variable of quartic equation

distance from the radar site north to the latitude of the piercing point, ft
variable of resolvent cubic equation

distance from the radar site east to the longitude of the piercing point, ft
vertical distance from radar site, ft or yd

discrete-time Fourier transform variable

variable of reduced cubic equation

geoid atitude estimate, ft

geometric altitude above mean sealevel (geoid), ft

value at the lowest atitude of the region
down component

east component

sample number

measured

minimum

north component

corrected for atmospheric refraction
radar site

geocentric coordinates

piercing point coordinates from center of Earth, ft

values scaled by 1/a
approximated

Lagrange multiplier
reduced latitude, deg
rotational matrix
flightpath angle, deg

discriminant of reduced cubic equation
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AH jat lateral pressure altitude gradient magnitude, ft/n. mi

Ael elevation angle error, army mils

Ah, estimate of atitude of the target above the current segment, ft
Ar range error, yd

At sample interval, sec

turning angle, deg

[ox e

total remaining turning, deg

nrem

(o4l

Nrem average remaining turning angle, deg
index of refraction
longitude, deg

geodetic latitude, deg

> > O S5

(¢]

geocentric latitude, deg
damping ratio
standard deviation
lag, sec
phase angle, deg
flightpath heading from true north, deg
plat direction of lateral pressure gradient (towards pressure decrease), deg
W wind direction from true north (from which wind blows), deg
frequency, Hz
n natural frequency, Hz
ellipsoid piercing point

Ooo€e e € € €6 7+ am™

trigonometric solution angle, deg
Namelists
date
day day of flight
month month of flight
year year of flight
inpt
istart data start time
istop data stop time
izulu number of offset hours

prefix prefix of the names of the radar files
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indat
gravity
hiv
nprint
sigma
spikes
spsin
wbl
wb2
whb3
window
Xi

amb
corref
emin
grelip
Is
nr ef
pamb
reft
tdry
twet
zmin

radsite
a
b
mlas
mldir
sitgs
sith
sitlat
siting

zbias

logical for local gravity calculation

logical for hold-last-value for missing data
printing thinning factor

number of standard deviations for spike removal
logical for spike removal

sample rate of input

position-filtering break frequency, Hz
velocity-filtering break frequency, Hz
acceleration-filtering break frequency, Hz
number of pointsin spike removal window

filter-damping ratio

logical for refraction corrections

namelist parameter regulating refraction corrections, deg
logical for Earth model used in refraction correction
segment length for gradient refraction method, ft
number of rows in refraction table

ambient pressure at radar site, in. Hg.

logical for refraction table

dry bulb temperature at radar site, °F

wet bulb temperature at radar site, °F

namelist parameter regulating truncation algorithm, ft

ellipsoid semimajor axis, ft

ellipsoid semiminor axis, ft

maximum mislevel, arc sec

azimuth of maximum up mislevel, deg
geoid separation at radar site, ft
ellipsoid altitude of radar site, ft
geodetic latitude of radar site, deg
longitude of radar site, deg

altitude bias, ft
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opt
atm
binout
binraw
numbp
taperaw
thin
unc3raw

Xyz

logical for atmospheric table

logical for 8-byte word binary output data

logical for 8-byte word binary raw input data

number of rows in atmospheric table

logical for WATR 9-track tape raw input data
output-thinning factor

logical for Flight Data Access System input data, unc3 format
logical for Cartesian input data
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